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Introduction.

Current anti-angiogenic therapies focus on theesdrsteps in the angiogenic signaling
cascades and try to prevent angiogenic molecules VIEGF, Ang-1, TGFx) from
reaching endothelial cells or try to prevent adtora of their endothelial cell (EC)
receptors. However, the study of downstream stejibin tumor ECs, as an avenue for
treatment has been neglected. Furthermore, dudaickeof appropriatén vivo imaging
and measurement tools, these EC signaling caschdes been explored almost
exclusively in thin preparations of healthy vesgeés vessels in the easily accessible, 25
micron mesenteric membrane) or in endothelial cellsa dish, and the signaling
machinery that is delineated varies depending wgunh type of healthy vessel provides
the ECs. As tumor vessels are fundamentally urdikg of the healthy vessels in the
body, we don't know which of the known signalingtip@ays are involved imn vivo
tumor angiogenesigyr if any of them are. Consequently, we propose to elucidate the
signaling pathway that translates VEGFR activatiaa elevated vessel permeability, in
endothelial cells within living breast tumor modelhe working hypothesis is that the
signaling pathway involved is a constitutively aetiform of the pathway shown for
healthy mesenteric microvessels. We have identg@geral signaling molecules that we
hypothesize will play key roles in that pathway.elach case we will pharmacologically
enhance or inhibit the action of a given molecaed use advanceith vivo imaging
techniques that we are currently developing or harnewiously developed to probe the
resultant alterations in the VEGF/permeability tielaship, with EC internal calcium
dynamics as a key intermediate readout. Elucidatiaihis pathway is motivated by the
desire to find new therapeutic targets, with whiztblock tumor angiogenesis and hence
restrict tumor growth. Current angiogenic therapigbich favor blocking transit of an
angiogenic factor to the ECs or inhibition of refmgpactivation, often fail because there
can be several parallel pathways for angiogenicasggto travel from tumor cells to ECs,
and when one is blocked, others are utilized. Siggathat occurs downstream of
endothelial receptor activation may provide a dgigiga '‘bottleneck’ that several
angiogenic factors utilize in common and hence magvide a uniquely powerful
therapeutic target which circumvents the develogroédrug resistance.

Body
The Department of Defense BCRP generously allowedardelay the start date on this

grant until September first of last year, which va#s0 the date | began to set up my new
laboratory in the Department of Biomedical Engimegrat the University of Rochester
Medical Center. Having a stable source funding d&bmsved me to selectively recruit a
top-notch group of personnel extremely rapidly, &ad greatly accelerated the process
of setting up a new lab in a new location. Consatjyeve have several interesting
results to report. Chronologically, the earliesalgan my original Statement of Work are
actually encompassed in tasks 7 and 9. In itsegptiTask 7 is:

Task 7. Determine the relative contribution of convecti@rsus diffusion in transport of
fluorescent tracer out of a tumor vessel. (Yeaasd 2)
A. Develop theory and performm vitro tests of the ability of Multiphoton
Fluorescence Recovery After Photobleaching (MPFRA®)simultaneously
measure diffusion and convection.



B. Determine relative contribution of convection wexgliffusion in transport out
of a tumor vessel during steady state conditions.

C. Determine relative contribution of convectionss diffusion in transport out
of a tumor vessel after acute alteration in turmessel permeability.

My first accomplishment in pursuit of this Task whse recruitment of Kelley Dunbar, a
first-year Ph.D. student from the Department of $#tg. We have begun to test the novel
theoretical formula which we believe describes MRPRn conditions of combined flow
and diffusion (development and testing of this folanare the goal of Task 1a):
o (_ﬁ)n e—4n(vt/w)2/(l+n+2nt/r)

F() =F (1)
Snll+n+2nt/7)J1+n+2nt/Rr
where k is the pre-bleach fluorescend®,is the bleach depth parameter, v is the
convective flow in the r direction, w is thé d@eam radius in the r direction, R is the
square of the beam radii in the r and z directianis, the characteristic diffusion time
given by t=w/8D and D is the diffusion coefficienthis equation is for the specific case
of the laser propagating along the z axis and flotie radial direction. We also have the
equations for the more general case of flow in gitrary direction. Testing of this
equation has involved the construction and calibnatof a controlled linear flow
apparatus. As shown in figure 1 a syringe pumpoisnected to a large open-topped
reservoir and the outflow is directly imaged withracustom-built multiphoton laser-
scanning microscope (also constructed in the kaat put paid for with university startup
funds). A very dilute solution of ~0.1 um diamefarorescently labeled polystyrene
beads mixed with 2M MW FITC-Dextran is forced odttbe tube at different linear
velocities controlled by the syringe pump. Line recaare used to measure the flow
velocity of fluorescent beads and this velocity mwea is used as the gold standard to
compare simultaneous MPFRAP measurements of diffiuand convection of the 2M
MW FITC-Dextran. As shown in figure 2, preliminagiata suggests that the derivations
leading to equation 1 are correct, and it accuyalekcribes MPFRAP with linear flow
for certain combinations of tracer diffusion coeint, linear velocity, and signal-to-
noise ratio. What remains to be determined is thlkerange of velocities, diffusion
coefficients, and signal-to-noise ratios over whtbis technique is valid, and if that
range is a useful range for our specific biologmadstions.

Figure 1. Apparatus constructed to test t
validity of equation 1. A dilute solution of

fluorescent beads mixed in FITC-Dextra H=_ 1 CRpELEnR FHELSH
is injected into the chamber at a consta Syf'”‘-"ep“m"//

linear velocity. Linescan measurements
the velocity of the beads are used as t &

gold standard to compare  witl
simultaneous MPFRAP measurements
diffusion and convection of the FITC:
Dextran.




Figure 2. One of several results of the
testing of equation 1. A known flowSmooemoms
velocity of 140 microns/sec wa Vae Error
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Application of this new modification of the MPFRAEchnique to the difficulitn
vivo environment of the living tumor is the goal of KaslB and 1C. In pursuit of this
goal we have begun to perform MPFRAP in tumorsivo. Note that MPFRAP in
tumorsin vivo has not yet been published to our knowledge, atidnaitself represent a
significant landmark almost equal to my originavelepment of the MPFRAP technique
in 1999 [1].In vivo MPFRAP is a technically challenging task primaidigcause the
parked beam required for MPFRAP experiments is eegeto generate some amount of
photodamage, and it is vitally important to quantdr at least set an upper bound on, the
effects that this photodamage has on the sample @mdthe results of the
diffusion/convection measurements. Consequentlgliam in Tasks 1b and c (the use of
MPFRAPIn vivo) is the establishment of a method to quantifyedras upper bound on
the effects of photodamage during iarvivo MPFRAP experiment. Interestingly, in an
earlier paper | showed that the global second halrgeneration (SHG) signal from the
tumor extracellular matrix is a valid measure @ thtal collagen content of that tumor,
which itself predicts the average macromolecul#usion coefficient in the tumor [2].
We therefore hypothesized that thecal second harmonic signal from the tumor
extracellular matrix will provide a reproducible aseire of local photodamage. We are
currently testing this hypothesis, and have begastigating the variability in the local
SHG signal from extracellular matrix, and its redaship to the local diffusion in tumors
as measured with MPFRAP. To this point in time, lieal SHG signal and the local
diffusion coefficient measured witin vivo MPFRAP do not show a statistically
significant correlation (see figure 3), presumathlye to the large intrinsic variability in
each parameter throughout the tumor. This highnsit variability suggests that local
SHG may not be a good measure of local diffusideralg photodamage.



Figure 3. Results of a series of MPFRA
experiments in an MCalV muring
mammary adenocarcinoma growing in t B s :
dorsal skinfold chamber of a SCID mous 3.55+0.51.
Each measurement was a series of G
individual MPFRAP measurements (usi
only D and bleach depth as fre e :
parameters) performed at the nearby r 7 6.5750.84 gt
dot. There is no statistically significa ’,)-\ :
correlation between the local diffusio ‘

measure and the local second harmo
intensity. 2M MW Dex

Dx10° cm?s™
5.96+0.47

The other Task in the original Statement of Wotkch is intended to commence
in year one is Task 9, which in its entirety is:

Task 9. Establish a reproducible measure of photodamagengl a permeability
measurement. (Years 1 and 2)
A. Evaluate systematic alterations in the fluoreseerersus-time curve as a
reproducible measure of photodamage during perrigabieasurements.
B. Evaluate successive permeability measurements avitinct markers as a
reproducible measure of photodamage during perrigabieasurements.
C. Evaluate second harmonic imaging of the adjacestix as a reproducible
measure of photodamage during permeability measamem

In pursuit of this Task | have recruited Xiaoxingm{ a first year graduate student from
the Institute of Optics, although he will not hawedraw salary directly from the Era of
Hope Scholar Award until later this summer. SimiarTask 7, we hypothesize that a
reproducible measure of local photodamage due tongmbility measurements is

provided by the local second harmonic generatignmadi from the extracellular matrix

(hence the formulation of Task 9C). In pursuit lnktTask, Xiaoxing has been learning
how to image tumors with SHG and is constructingledection scheme that will

interrogate both the forward- and backwards-scadte&8HG signal from tumors in our
animal models, whose ratio provides detailed stmattinformation about the collagen
fibers [3] and which may provide a better measur@lmtodamage than simple SHG
intensity

The other Tasks in the original Statement of Wand intended to start in year 2
or later, but we have already made substantiverpssgon several of them. Specifically, |
hired Kelley Madden, a Research Assistant Professwt Ryan Burke, a first year BME
student (whose salary will not appear on the guatit this fall as BME students are free
for the first 15 months). They have been developiegmolecular biology abilities of our



new laboratory, have been honing their abilities oar complex custom-built

multiphoton laser-scanning microscope, and, mogomantly, have been testing our
futurein vivo tumor endothelial cell imaging protocols on bovawtic endothelial cells

(BAECS) in culture. Figure 4a is an image they gatesl of Fura-2-AM-loaded BAECs

and figure 4b is a fluorescence-versus-time cufveegeral endothelial cells showing a
stereotypical response to bath application of VEG#kese calcium imaging techniques,
when appliedn vivo to tumor endothelial cells, will be pivotal in thpcoming tasks 1-6,

scheduled to start in year 3.

Figure 4a. Image of Fura-2-AM-loaded
bovine aortic endothelial cells. The
fluorescence intensity of Fura-2 scales
inversely with the cytoplasmic calcium
concentration. These cells were imaged on
our new custom built multiphoton laser-
scanning microscope. They were excited at
800nm and imaged with a 580DF150
emission filter.

Figure 4b. Timecourse of fluoresceng VEGF Administration
signal from several Fura-loaded endothel R S B
cells in vitro, after bath application of | . ]
VEGF at t=0. Note that Fura-2 r o} *%%e%s |
fluorescence decreases upon binding ) 1
calcium, hence these curves display t
stereotypical elevation in cytoplasmi
calcium produced by acute application i
VEGF. o & =

Fluarescence {Arb. L)

H e
=3 B g

5
Time (minutes)

In addition to first validating our techniquesvitro, in order to work out all the
kinks before we move to the more challengingivo situation, we have also performed
some preliminaryn vivo work. Specifically we have performed pilot studies Task 1a
(scheduled to commence in Year 3). Task 1 in itseady is:

Task 1.Determine role of external calcium influx on tre®n of VEGFR2 activation
to tumor endothelial cell (TEC) calcium signals @amchor vessel permeability. (Year 3)
A. Apply NiCl (blocks plasmalemmal calcium channelsjl CaClto a tumor
vessel via pipette and observe the TEC calciunmorespand subsequent
permeability change.
B. Elevate TEC calcium and vascular permeability weittrinsic VEGF then
attempt to block this elevation by repeating witicN



C. Reduce TEC calcium and vascular permeability WHGF blockade and
attempt to recover baseline calcium and permeghyiith CaCh.

To perform a pilot study evaluating the methodolagyTask la, we imaged
tumor endothelial cells in TG1-1 mammary adenocantias growing in the dorsal
skinfold chamber of TIE-2 GFP transgenic mice.Hese tumors, the endothelial cells are
highlighted with green fluorescent protein. We aghlRhod-2-AM to the tumor surface
which then loaded most cells in the field of viewhna cytoplasmic indicator dye (Rhod-
2) whose fluorescence increases with increasinguralconcentration. Note that Fura-2
could not be used because of spectral overlap @#R. Then we applied Nigto the
tumor surface and imaged the resultant change odRhfluorescence, using the GFP
signal as a marker for tumor endothelial cells.sAswn in figure 5, the average tumor
endothelial cell calcium concentration rapidly deged after NiGlapplication in a
statistically significant manner, suggesting a dyestate influx of calcium ions from the
extracellular space. Note that the data is predessethe fluorescence of Rhod2 divided
by the fluorescence of GFP, to normalize away #iiyssin the focal plane.

Figure 5. Effect of superficial Ni¢l
application on the cytoplasmic calciun
concentration of endothelial cells growing o4s
within the outer ~50 microns of a TG1-] %15
tumor in the dorsal skinfold chamber of 03¢t **
TIE2-GFP mouse. The pre-applicatiol

average relative signal was 0.349+0.02

Ni ClI Application

0.25
0.2

Time (seconds)

0.15 + .
while the post-application average signg 0.1 —
was 0.127+0.017, a statistically significarq % | ‘ | |
(p<0.001) decrease. 0 100 200 300 400

Relative Calcium Concentration

We plan on evaluating each of our techniquestro first before attempting them
in vivo in the living tumor, so | expect similar pilot gigs on upcoming Tasks to occur
over the next year or two, leading up to their c@noemenin vivo on the schedule
dictated by the original Statement of Work.

The rich collaborative environment at URMC has paEdl an intriguing
possibility for an alternative method to image tbalcium fluctuations in tumor
endothelial celldn vivo, which forms the cornerstone of the first 6 ainfighos grant
(those 6 aims are scheduled to commence in yeardaer). In collaboration with lan
Dickerson and Anne Leubke in the Department of Neimogy and Anatomy and
Biomedical Engineering, respectively, we are tesfolarization-sensitive multiphoton
Fluorescence Resonance Energy Transfer (FRET) asyato quantify calcium in
endothelial cellsn vivo using genetic calcium indicators. Polarization FRitantifies
the interaction between two fluorophores via theslo the polarization “memory” that
occurs when signal is first transferred betweemrfiphores before emission, versus
simple emission where polarization “memory” is bettetained [4]. Depending upon the
success of our preliminary experiments, we woulglément this new method by



developing transgenic mice which express the FR&3ed genetic calcium sensors
known as “cameleons” [5], modified to utilize theolgrization-FRET-friendly
fluorophores Cerulean and Venus [4]. These miceldvenpress the calcium reporter
gene under control of the stroffigactin promoter, which would be silenced except in
cells which express TIE-2, namely the endotheliallsc However, we must first
determine if we can quantify polarization FRET ouar onultiphoton laser-scanning
microscope. To do this we transiently transfectetH3N3 cells with a preexisting
Cerulean-Venus FRET construct as well as a negatiwérol expressing Cerulean and
Venus separately. As shown in figure 6a and b, wecessfully demonstrated the
expected loss in anisotropy (i.e. the polarizatioremory’) generated when FRET
occurs. Next we will investigate this system’s $tvity to scattering by introducing
different concentrations of intralipid on top ogthells. This will allow us to determine if
polarization FRET is sufficiently robust to be usedivo, and over what imaging depths
it is effective. If those tests are successful,wile test the specific calcium indicaton
vitro, and if those tests in turn are successful, wé geiherate the requisite mice. This
will allow us to avoid the tedious, noisy, and isixe method of directly adding AM-
loaded calcium indicator to the surface of our teerand rapidly accelerate our pursuit of
our Tasks.

Figure 6a. Anisotropy images of NIH3T
cells expressing a Cerulean-Venus FRE
construct and imaged with a polarizati
sensitive detection scheme on our MPLSIg
When FRET occurs, the anisotropy @8
expected to be low, as is shown. Comp
to figure 6b.
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Figure 6b. Anisotropy images of NIH3T
cells expressing a Cerulean-Ven s
construct in which FRET is not expected

occur. The anisotropy is therefore expect§
to be high, as is shown. Compare to figuj
6a.

Key Research Accomplishments in the first 10 months

Started a new laboratory, constructed our multiphdaser-scanning microscope, and
selectively recruited one junior faculty and thgraduate students from a significantly
larger pool of applicants.

Commenced work on Task 7a, the validation of treoth of MPFRAP with flow, by
testing its ability to simultaneously measure diftun and convection in situations where
both are known.

Commenced work on Tasks 7b and c, the applicatioMBFRAP in vivo for the
guantification of diffusion and flow in tumors andar tumor vessels.

Commenced work on Task 9c, the evaluation of sed@wchonic imaging of the local
matrix as a reproducible measure of photodamagagipermeability measurements.

Began preliminary work on Tasks 1-6, destined tartsin 2-3 years, utilizing the
MPLSM andin vivo calcium imaging to investigate the internal caicidynamics of
tumor endothelial cells.

Investigated a promising alternative to measuriatciom with AM-loaded indicator

dyes, specifically polarization FRET imaging of g&a calcium indicators.

Reportable Outcomes:
Over the last ten months | have contributed toroaauscript:

Schmidt H,Brown E, Schwaller B, Eilers J. (2006) Parvalbumin is lyesobile in
axons, somata, and nuclei of cerebellar Purkinjgares.Manuscript Submitted - will be
furnished to DOD when published.

| have also completed four book chapters:
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Jain RK, Fukumura D, Munn [Brown E (2006) Optical Microscopy in Small Animal
Research. In: Tavitian B., Leroy-Willig A., Ntziagstos V. (ed)_Imaging of
VertebratesWiley & Sons London, UKn Press

Jain RK, Fukumura D, Munn IBrown E (2006) Tumor Angiogenesis and Blood Flow.
In: Tavitian B., Leroy-Willig A., Ntziachristos V(ed) Imaging of Vertebrates
Wiley & Sons London, UKn Press

Brown E, Majewska A, Jain RK (2006) Photobleaching anddvery with Nonlinear
Microscopy. In: So P., Masters B. (eds) HandbookBadlogical Nonlinear
Optical Microscopy Oxford University Press, Oxford UKn Press

Jain RK, Booth M, Padera T, Munn L, FukumuraBdown E. (2006) Applications of
Nonlinear Intravital Microscopy in Tumor Biologyn:l So P., Masters B. (eds)
Handbook of Biological Nonlinear Optical Microscopgyxford University Press,
Oxford UK. In Press

| have also given two invited talks:

“High Resolution Imaging of Tumor Biology and Treent” Invited lecture presented at
the Engineering Foundation’s Advances in OpticsBatechnology, Medicine,
and Surgery, Breckenridge, CO, 2005

“Nonlinear Microscopy of Living Tumors and Theiréatment” Invited lecture presented
at the IEEE International Symposium on Biomedigabdgjing, Arlington, VA,
2006

| have also applied for four grants while suppotigdhis award:

“In vivo quantification of matrix metalloproteinagehibitor efficacy”

Role: Principal Investigator Effort: 20%

Agency: Department of Defense BCRP Type: Idea AvBEO60588

Period: 9/1/07-8/31/10

The goal of this study is to utilize novel micropgotechniques to explore the basic
biology of MMP/collagen interactions in breast tumaodelsin vivo.

“The influence of neuronal activity on breast tumwetastasis to the brain”

Role: co-Investigator Effort: 20%

Agency: Department of Defense BCRP Type: Syneridiéa Award

Period: 3/1/07-2/31/09

The goal of this study is to utilize insights galnffom the study of dendritic spine
motility to discover novel reagents that inhibieast tumor metastases in the brain.

“In vivo assessment of MMPI efficacy”
Role: Principal Investigator Effort: 4%

12



Agency: Johnson and Johnson Discovery Fund

Period: 9/1/06-8/31/07

The goal of this study is to explore novel methtmguantify MMP inhibitor efficacy in
breast tumor modelis vivo.

“In vivo quantification of MMP inhibitor efficacy sing second harmonic generation
microscopy”

Role: Principal Investigator Effort: 20%

Agency: Department of Defense BCRP Type: ConcepartvBC051916

Period: 9/1/06-8/31/07

The goal of this study was to explore novel methdguantify MMP inhibitor efficacy
in breast tumor models vivo using second harmonic generation. It was not asard

| feel that the content of these grant applicatiaresnoteworthy in that they show that the
Era of hope Scholar Award has produced a long-teommitment to breast cancer
research in my laboratory and has allowed me toadttother scientists (i..e. Dr.
Majewska of the Department of Neurobiology and Anat, P.I. of the aforementioned
Synergistic Idea Award application) to breast camesearch.

Conclusion

| conclusion, | believe that | have made significarogress on the goals outlined in my
Era of Hope Scholar Award. In spite of starting theant in September while
simultaneously setting up a new laboratory anduitog new personnel, | am fully on
schedule in the two Tasks that were intended tonoence in the first year (and be
completed at the end of the second year), andd bagn made progress in several Tasks
that were not scheduled to start until next yealatar. The most substantive result to
date has been the beginning of the validation ofiggn (1) by direct testing against a
gold standardn vitro. In addition, we have begun to evaluate MPFRARivo, and
begun to investigate measures of photodamage asilbes in Task 9. The significance
of this work is that | am on schedule and have thi&l strong foundation required for
completion of the upcoming Tasks in my overall egsh plan.
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